Active control of rotating stall and surge using bleed valves has been demonstrated on low and high speed compressors using high bandwidth actuators. In this paper we provide a method to reduce the bandwidth and rate requirements for control of rotating stall by combining an axisymmetric bleed valve with continuous air injection. The addition of the continuous air injection is modeled as a shift of both the stable and unstable parts of the compressor characteristic and serves to reduce the requirement of a bleed valve used for rotating stall stabilization purpose. The results are demonstrated using a lowspeed, single stage, axial ow compressor.
Introduction
Rotating stall and surge are two types of instabilities that occur in the axial ow compressor part of a gas-turbine engine. Rotating stall is a ow separation that travels around the annulus of the compressor (referred to as a stall cell) while surge is a large axial oscillation of the ow. Typical e ects of rotating stall and surge range from stresses and wear on the compressor blades to perturbation on the operation of the components downstream of the compressor in the engine to destruction of the engine. There is also a hysteresis loop associated with rotating stall that makes recovering safely from such events di cult and, in some cases, improbable.
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power transients. As a result, a compressor with active controls can operate closer to the current stall/surge line. In this paper, the experience of stabilization of rotating stall on the Caltech rig using a bleed valve with continuous air injection is described.
Modeling and active control of rotating stall and surge has been investigated by a number of researchers. A simpli ed model was derived by Moore and Greitzer 7 for a compressor that exhibits rotating stall and surge. Based on this model, Liaw and Abed 10 derived a control law using a bleed valve for rotating stall. Experimental evaluations and analysis of other control laws using various types of actuators were investigated by other groups, including but not limited to Paduano et al., 13 Day, 4 Gysling et al., 8 D'Andrea et al., 3 and Eveker et al. 5 Eveker et al. 5 is the rst group to report successful experimental implementation of a bleed valve controller.
The purpose of this paper is to demonstrate bleed valve control of rotating stall with continuous air injection on a low-speed, single stage, axial compressor located at Caltech. Section 2 of this paper gives an overview of the theoretical background of bleed valve control through the use of a low order model proposed by Moore and Greitzer. 7 Section 3 describes the experimental setup. Section 4 outlines the attempts of stabilization made with only the bleed actuator and the di culties that are experienced, then combines continuous air injection and the bleed actuator for stall stabilization and reports the results. Discussions and conclusions are given in Section 5.
Theory
This section rst gives a brief review of the main features of a low order model proposed by Moore and Greitzer. 7 Modeling of bleed actuation in the model is introduced and a review of a control law proposed by Liaw and Abed 10 is given. An expression for the minimum gain required for peak stabilization of rotating stall is computed.
To describe the basic behavior of the compression system, we make use of the low order model derived by Moore and Greitzer 7 that uses a semi-actuator disc model for the compressor. The notation used in this section is summarized in the following The model consists of three ordinary di erential equations describing the evolution of the ow, pressure rise, and the square of the amplitude of the rst Fourier mode:
(1) The compressor characteristic c ( ) is a map containing information about the performance of the compressor at various values of the ow in the system. Figure 1 shows an example of a compressor characteristic and a hysteresis loop associated with rotating stall obtained experimentally. The equilibria of the system are stable for large values of the throttle coe cient . As is decreased, a critical value is reached and the system exhibits a transcritical bifurcation in the -J plane (Figure 2 ). Since J = A 2 0, we ignore the negative branch of the bifurcation diagram. At = , the stability of the J = 0 equilibrium point changes from stable to unstable. However, there is a stable J > 0 equilibrium that coexists with the J = 0 equilibrium, and thus the system stalls. With J > 0, if the value of is increased, the system continues to stay along the J > 0 branch of solution instead of unstalling immediately. The system eventually unstalls when the value of reaches a point where the J > 0 solution loses stability. This behavior is observed on axial compressors as the presence of a hysteresis loop due to rotating stall. Liaw and Abed 10 proposed a control law that modi es the throttle characteristic:
This control law can be realized experimentally through the use of a bleed valve. For a large enough value of K, the new branch of equilibrium solution created at = \bends over" and eliminates the hysteresis loop. By substituting the control law and computing the quantity dJ d at the stall inception throttle coe cient , the minimum gain needed for 2 American Institute of Aeronautics and Astronautics 
which depends on the shape of the compressor characteristic. This expression serves as an initial attempt to a theoretical tool for predicting the bleed valve requirement needed for peak stabilization. A more precise theoretical treatment of the minimum bandwidth and rate limitations of a bleed valve for stall control in the presence of noise is discussed in Wang et al. 14 By changing the compressor characteristic, the bleed valve requirement needed for peak stabilization can be altered. The e ects of continuous air injection on a compression system can be modeled as a shift in the compressor characteristic by including the air injection as part of the semi-actuator disc that approximates the compressor. Thus, by using air injection, the bleed valve requirement for peak stabilization can theoretically be modi ed.
Experimental Setup
The Caltech compressor rig is a single-stage, low speed axial compressor with sensing and actuation capabilities. Six static pressure transducers with 1000 Hz bandwidth are evenly distributed along the annulus of the compressor at approximately 9 cm (1.1 rotor radii) from the rotor face. A discrete Fourier transform is performed on the signals from the transducers, and the amplitude and phase of the rst and second mode of the pressure perturbation are obtained. The di erence between the pressure obtained from one static pressure transducer mounted at the piezostatic ring at the inlet and that from the piezostatic ring downstream near the outlet of the system is computed as the pressure rise across the compressor. All of the static pressure transducer signals are ltered through a 4th order Bessel low pass lter with a cuto frequency of 1000 Hz before the signal processing phase in the software. For the velocity of the system, a hotwire anemometer is mounted approximately 13.4 cm (1.6 rotor radii) upstream of the rotor face.
The nature of the decoupled frequencies of rotating stall and surge allows the use of two separate 3 American Institute of Aeronautics and Astronautics Figure 6 . The air injectors are on-o type injectors driven by solenoid valves. For applications on the Caltech compressor rig, the injectors are fed with a pressure source supplying air at a maximum pressure of 80 PSI and located at approximately 10.4 cm (1.2 rotor radii) upstream of the rotor. Due to signi cant losses across the solenoid valves and between the valves and the pressure source, the injector back pressure reading does not represent an accurate indication of the actual velocity of the injected air on the rotor face. Using a hotwire anemometer, the maximum velocity of the injected air measured at a distance equivalent to the rotor-injector distance for 50 and 60 PSI injector back pressure are measured to be approximately 30.2 and 33.8 m/sec respectively. At the stall inception point, each injector can add approximately 1.7% mass, 2.4% momentum, and 1.3% energy to the system when turned on continuously at 60 PSI injector back pressure. The bandwidth associated with the injectors is approximately 250 Hz at 50% duty cycle. The angle of injection, injector back pressure, the axial location of the injectors, and the radial location of the injectors can all be varied.
All experiments are run in real time using Sparrow 12 on a Pentium 100 MHz PC. 
Results
Implementation of the Liaw-Abed control law 10 was attempted initially using only the (high speed) 1-D bleed valve. The throttle of the system is used to carry the system through a range of ow coe cients to generate a plot of closed-loop operation. Figure 7 shows the results of the experiment. At the stall inception point, the disturbance starts to grow and the bleed valve opens in an attempt to suppress the stall event. However, due to bandwidth and magnitude limits, the system goes unstable and gets stuck at the lower branch of the hysteresis loop. This phenomenon is due primarily to the fast stall cell growth rate relative to the bandwidth and rate limit of the bleed valve.
At certain injector angles and locations, di erent injector back pressure can reduce the size of the open-loop hysteresis loop by di erent amounts on the Caltech rig. Continuous air injection is used in combination with the bleed valve in the second attempt of the implementation of Liaw-Abed in the investigation of possible reduction of bandwidth and magnitude requirements for bleed valve controls of rotating stall via changing the compressor behavior.
One such attempts is performed by setting the air injector angle at 27 with positive angles implying counter-compressor-rotation and 50 PSI injector back pressure. values of the ow at the point of unstall and the point of stall inception is less in the case with air injection than in the case without. It can also be seen from the time traces that the bleed controller is continuously rejecting the disturbances in the system, and the ow and pressure signals are relatively constant. Another attempt using the bleed valve with continuous air injection is made by changing the injector back pressure to 60 PSI. Figure 9 shows the open-and closed-loop compressor characteristic and the time traces of the relevant quantities at points A and B on the compressor characteristic plot, which are again stalled points in the open-loop. Similar to the case of 50 PSI injector back pressure, it can be seen from the time traces that the bleed controller is continuously rejecting the disturbances in the system, and the ow and pressure signals are relatively constant.
A more detailed experiment is carried out with the injector back pressure set at 55 PSI. Figures 10  and 11 show the open-and closed-loop behavior of the system in the -plane and the -J plane re- spectively. The closed-loop behavior shows no hysteresis loop on Figures 10 and 11 , as expected from the theory. As Figure 10 shows, after the bleed valve saturates, the system returns to the original stalled equilibria. Figure 11 is expected to show the same observation in the -J plane. The mismatch at low values of is due to the formation of the second mode of stall in the open-loop case. For the open-loop system with continuous air injection, the second mode of rotating stall forms at a value of smaller than that for the formation of the rst mode. At = 0:45 on Figure 11 , the second mode forms and becomes dominant, and the amplitude of the rst mode is decreased. Further decrease in leads to a further reduction in the amplitude of the rst mode. At around = 0:33, the throttle is almost fully closed and the rst mode becomes dominant again. In the closed-loop case, this phenomenon is not observed since the high speed bleed valve saturates and remains open. As a result, the main ow level is not low enough for the second mode of rotating stall to form.
A combined surge and stall control algorithm is implemented by using the high speed bleed valve 5 American Institute of Aeronautics and Astronautics with continuous air injection for stall and the slow bleed valve (disturbance bleed) for surge. The surge controller is implemented with a proportional feedback on _ . This control law is proposed by Badmus et al. 1 The combined control law for rotating stall and surge takes the form
where K RS is the gain for rotating stall control and K S that for surge control. Figure 12 shows plots of the dynamic response of the system. Control is initially turned o and the system is surging. Control is then activated at approximately 6000 rotor revolutions and the system is stable.
An examination of the open-loop compressor characteristic in Figure 9 reveals that the value of the ow at the point of unstall is less than that at the point of stall inception. This behavior is di erent than that in the unactuated open-loop system and suggests a change in the compressor characteristic. To identify the compressor characteristic of interest, an algorithm proposed by Behnken 2 is used. The algorithm uses surge cycle data and the expanded surge model to recover the compressor characteristic description. The basic surge model is equation (1) with J set to 0. The expanded surge model takes into account of the amplitudes of the rst and second modes of rotating stall in the surge cycle without considering the time rate of change of the stall modes. A successful identi cation of the compressor characteristic is classi ed as one that gives a close t to the time rate of change of the ow and pressure signals, as well as a tight bound of the compressor characteristic when the dynamic data is used for its computation.
With the plenum attached, surge cycle data is taken and the algorithm for identifying the unstable part of the compressor characteristic as described by Behnken 2 is applied. Figure 13 shows the resulting identi ed compressor characteristic. The resulting identi ed compressor characteristic is more \ lled out" on the left of the peak. The crosses in Figure 13 are experimental data points of the stable side of the compressor characteristic with continuous air injection, the right solid curve the polynomial t of the experimental data points, the left solid curve the identi ed unstable part of the characteristic in the presence of continuous air injection, the dashed the compressor characteristic with no air injection, and the shaded region the experimental surge cycles data for c ( ) in the presence of air injection. As shown in the gure, the shape of the compressor characteristic is shifted in the presence of continuous air injection.
The shifting of the compressor characteristic serves to reduce the bandwidth and rate requirement of the bleed valve for control of rotating stall. To observe this phenomenon, equation (2) can serve as a tool to a simpli ed view of the reality. Equation (2) gives a formula to the minimum gain required for stabilization of rotating stall at the peak of the compressor characteristic. A 4th order polynomial t to the unactuated compressor characteristic in Figure 13 The experiment, the compressor characteristic identi cation, and equation (2) show that the shifting of the compressor characteristic can be used to reduce the required bandwidth of a bleed actuator. In this case, continuous air injection is used to achieve the shifting. In fact, it is conjectured that the use of any mechanism that results in a shifting of the compressor characteristic should serve as a tool to reduce the bandwidth and rate requirement of the bleed actuator. Some possible mechanisms are given by the following.
Air Injection: air injection at the tip of the rotor is shown in this paper to shift the nominal compressor characteristic and reduce the bandwidth and rate requirement of a bleed valve used for control of rotating stall; air injection at other regions of the rotor, the stator (in the case of lower reaction compressors where a signi cant portion of the pressure rise occurs in the stator), and both can be used to achieve the same purpose; Casing Treatments: casing treatments are grooves on the wall of the casing of a compressor on the rotor or stator; stability enhancement has been reported for several patterns; for a more detailed introductory discussion, see Greitzer; 6 Guide Vanes: complete or partial guide vanes that redirect the air ow of a compression system may be used to shift the compressor characteristic; Distortion: although most kinds of distortion reduce the region of stable compressor operation, hub distortion on tip-loaded compressors has been shown to improve the stability of compressor operation; 11 Mistuning: mistuning is used primarily as a 7 American Institute of Aeronautics and Astronautics method of passive control of utter in compressors; 15 mistuning refers to the breaking of symmetry by changing certain properties (e.g. stiness of blade) of some but not all of the blades.
A more detailed description will be available with the release of Yeung and Murray. 16 
Conclusion
The experiments of implementing the Liaw-Abed control law with continuous air injection have shown that stabilization of rotating stall on the Caltech rig has been achieved. A preliminary explanation of the e ect of air injection can be made via the shifting of the compressor characteristic. It should be pointed out that the role of continuous air injection is not clear simply by examining its e ects on the stable side of the compressor characteristic. The conjecture is that the dynamics as well as the quasi-static behavior of the system on both the stable and unstable side of the compressor characteristic is changed by the addition of air injection. For the Caltech compression system, the compressor characteristic is more \ lled out" on the left of the peak in the presence of air injection, and the peak location, second, and third derivative at the peak are di erent than those of the unactuated characteristic. This change of system characteristics reduces the bandwidth and magnitude requirements of a bleed actuator in performing bleed valve controls of rotating stall.
There are many interesting research directions that can be pursued. One such directions is a more detailed study of the physical mechanism of air injection. Formulation of a low order model of the injection mechanism and its e ects on compressor behavior can be helpful in formulating and analyzing control strategies using air injection. The use of axisymmetric air injection for the reduction of bandwidth and rate requirements of other types of actuators is also of interest. This leads to the issue of actuator allocation and trade-o s between air injection and other actuators. The method of using air injection for compressor characteristic shifting can also be generalized to other quasi-static compressor characteristic shifting techniques to compare and the advantages and disadvantages of such techniques.
